The engrailed (en) gene functions throughout Drosophila development and is expressed in a succession of intricate spatial patterns as development proceeds. Normal en function relies on an extremely large cis-acting regulatory region (70 kilobases). We are using evolutionary conservation to help identify en sequences important in regulating patterned expression. Sequence comparison of 2.6 kilobases upstream of the en coding region of D. melanogaster and D. virilis (estimated divergence time, 60 million years) showed that 30% of this DNA occurs in islands of near perfect sequence conservation. One of these conserved islands contains binding sites for homeodomain-containing proteins. It has been shown genetically that homeodomain-containing proteins regulate en expression. Our data suggested that this regulation may be direct. The remaining conserved islands may contain binding sites for other regulatory proteins.
Many of the genes that control development in Drosophila have been identified by mutation and analyzed genetically and molecularly. Studies of the action and interaction of these genes have led to their classification into a hierarchy (for reviews, see references 26 and 49) . The patterns of expression of developmentally important genes in Drosophila can be extremely complex. For example, en is first expressed in a series of stripes which transect the anteriorposterior axis of the embryo (11, 19, 33) . Later in development, en is expressed in particular cells in the head, terminalia, central and peripheral nervous systems (39) , and imaginal disks (8, 33) . Molecular mapping of mutations of the en gene and other developmental loci having intricate spatial patterns of expression has shown that very large cis-acting regulatory regions are associated with these genes. For example, the en gene extends across 70 kilobases (kb) but has only a 4.5-kb transcription unit (15, 34) . Using in vitro DNA constructs and P-element transformation, we have begun to functionally dissect the en cis-acting regulatory regions (13; J. A. Kassis, manuscript in preparation). Because of the large size of the cis-regulatory region, we are guiding our search for important regulatory sequences by identifying sequences that are evolutionarily conserved.
We isolated the en gene from a distantly related Drosophila species, D. virilis, and compared it with the D. melanogaster gene (28, 29) . Importantly, these two species are sufficiently separated such that only functional sequences should be conserved (estimated divergence time, 60 million years [2] ). Also important is that en expression is similar in the two species (J. A. Kassis, unpublished data). Here we present a comparison of sequences 2.6 kb upstream of the D. melanogaster en protein-coding region with the homologous 3.1 kb from D. virilis. We found that about 30% of this DNA is conserved between the two species. The conservation is best described as islands of near perfect conservation within largely divergent regions. We showed that some of the conserved DNA sequences contain in vitro binding sites for homeodomain (HD)-containing proteins. Mutations in genes which encode HD-containing proteins alter en expression in vivo (12, 25) . Some of these same proteins can act as transcriptional regulators in cell culture (27) and may regulate en directly in vivo through the conserved sites. Since the HD sites are conserved, it seems likely that other conserved islands represent binding sites for other regulatory proteins.
MATERIALS AND METHODS
DNA sequencing. DNA fragments were cloned into M13 vectors M13mpl8 and M13mpl9 (38) and sequenced by the dideoxy method (47) . For fragments longer than 300 base pairs (bp), deletions were made by the exonuclease III method described by Henikoff (22 Fig. 1 [35] ; between Hox 1.4 and Hox 1.5 [16] ; in Dictyostelium genes [31] ).
One of the conserved islands contains binding sites for HD-containing proteins. If, as presumed, the islands of conserved DNA have regulatory roles, then at least some of the conserved sequences are likely to be binding sites for regulatory proteins. It has been shown genetically that genes encoding HD-containing proteins regulate the expression of en (12, 25) . While it is not known whether this regulation is direct, several observations make such a proposal attractive. HD-containing proteins have been shown to bind DNA in a sequence-specific manner (9, 10, 24, 32) and to act as site-dependent regulators of transcription in tissue culture cells (27) . HD-binding sites have been detected within an en intron as well as upstream of the en coding region in D. melanogaster DNA (9, 10) (Fig. 2) . DNase I protection experiments showed that these HD-binding sites are conserved in D. virilis. Three footprinted regions were detected within the first en intron of both D. melanogaster and D. virilis ( Fig. 2A) . While site en4 occurs within a conserved island, sites enS and en6 exhibit only short stretches of sequence identity. Much of the sequence similarity at these footprinted sites can be accounted for by the presence of sequences matching a consensus site, TCAATTAAAT (10) (Fig. 2B ). The three sites in the introns of both species were protected at the same protein concentration ( Fig. 2A) . While this might suggest that the different sites have comparable affinities, we suspect that this behavior is a reflection of the cooperativity of binding in vitro (10) . The upstream HDbinding sites are also conserved. In particular, footprinted region enl lies within a conserved island containing 36 identical bases in a 41-bp region and contains three excellent matches to the 10-bp consensus sequence (Fig. 1 intron 1, it is required to obtain a subset of the normal en expression pattern (Kassis, in preparation) . Finally, since the HD sites account for only 29 of 770 conserved nucleotides located within 2.6 kb upstream of the en coding region, it seems unlikely that they would act autonomously. We suggest that factors acting at other conserved islands act in concert with the HD proteins to regulate en expression.
Are other conserved sequences also binding sites for regulatory proteins? In a study of the D. melanogaster en promoter, Soeller et al. (50) identified sequences necessary for transcription in vitro and in cell culture. They also examined the region between -419 and -32 for sites footprinted by proteins in embryo extracts. If these sites are important, sequences constrained from divergence should point to requirements for function. The eight binding sites identified in the study of Soeller et al. (50) are indicated as regions A through H in Fig. 1 . Seven sites (A through F and H) are related in sequence (they all contain GAGAG) and apparantly bind to the same factor(s), called the GAGA factor (3, 50) . The sequence GAGAG (or its complement, CTCTC) occurs multiple times in both species within both conserved and nonconserved regions. Therefore, some of the GAGA binding sites are apparently conserved in location, whereas others are not. This pattern of conservation suggests that multiple GAGA sites are important, but the exact number and position can vary during evolution. In contrast, site G occurs only once in the D. melanogaster fragment and is bound by a different activity. The sequence of the right half of this footprint site is highly conserved in D. virilis, perhaps indicating those bases needed for binding specificity (Fig. 3A) . The conserved part of site G has homology to element I, a sequence located upstream of the Ddc gene which is known to be essential for Ddc expression in the nervous system and was first identified by its conservation in D. virilis (5, 6) . A similar sequence is also present within the Ubx promoter (3) and is footprinted by the element I-binding protein identified by Bray et al. (6) . It is not known whether the same protein binds to all these sites in vivo.
There are a number of highly conserved sequences within the region studied by Soeller et al. (50) which were not found to be footprinted in their study. Most striking is the region from -393m through -363m where 26 of 30 bases are identical. Perhaps these conserved sequences are binding sites for proteins that are rare or bind as an unstable complex that could not be detected in their experiments. Alternatively, these sequences may be conserved for reasons other than to act as binding sites for regulatory proteins.
Sequences within the transcribed regions of en, AntennapediaP2 (AntpP2), and Ultrabithorax (Ubx) have been shown to be required for transcription in vitro and in cell culture (3, 40, 50) . We found a large block of conserved transcribed sequences (31 identities in 37 bases) which begins at +5m and corresponds to sequences essential for en transcription in vitro and in cell culture (50) . Within this region, we found a sequence motif conserved in en, AntpP2, and Ubx promoters (Fig. 3B ). This motif is also conserved in the sequence of the promoter region of the Ubx homolog from the distantly related species D. funebris (53) . Approximately the left half of this conserved motif in the Ubx promoter was found to be protected by proteins in embryo extracts by Biggin and Tjian (3) . Functional studies will be necessary to assess the significance of the sequence similarity.
Further discussion. It is difficult to estimate the number of proteins that may be involved in en regulation for several reasons. First, recognition sites for regulatory proteins are often short and imprecise (two examples can be found in references 3 and 7), and such sequences would not necessarily appear within the most highly conserved sequences (as is the case for some of the HD-binding sites discussed above). Second, different DNA-binding proteins can recognize related or even the same sequence (at least in vitro [10, 14, 24, 45, 48] ), and therefore it is impossible to predict how many proteins might bind to en DNA based on sequence analysis alone. Nonetheless, the extent of sequence conservation (776 bp in 2.6 kb analyzed; 21 kb in 70 kb, extrapolated) leads us to entertain the possibility that the number of regulatory interactions is exceedingly large.
A priori reasoning does not necessarily predict islands of sequence conservation greater than 10 bp within regulatory regions. First, as discussed above, binding studies in vitro have suggested that recognition sites for regulatory proteins are usually short and imprecise. Second, in the analysis of a number of different regulatory regions in tissue culture, the arrangement of sites does not always appear to have important functional significance, sites can function in different contexts, and when sites are repeated they often appear to be functionally redundant (17, 44) . Nonetheless, in our analysis, and in many other studies, presumed regulatory regions show islands of 40 bp or more with high levels of identity between distantly related species (a few examples can be found in references 23, 37, 42, and 51). We suggest that tissue culture transfection experiments exaggerate the relative autonomy of regulatory sites and that the exact affinity of a DNA-binding protein for a particular site may have profound consequences to an organism. In addition, as suggested by a few studies, proteins may need to bind next to each other to effect a function (1, 20) . The large number of conserved islands within en suggests that a large number of interactions are responsible for its precise control. Given its VOL. 9, 1989 4310 KASSIS ET AL. complex pattern of expression throughout development, this may not be that surprising.
